Na+-phosphate (Pi) cotransport across the renal brush border membrane is the rate limiting step in the overall reabsorption of filtered Pi. Murine and human renal-specific cDNAs (NaPi-7 and NaPi-3, respectively) related to this cotransporter activity (type II Na+-Pi cotransporter) have been cloned. We now report the cloning and characterization of the corresponding mouse (Npt2) and human (NPT2) genes. The genes were cloned by screening mouse genomic and human chromosome 5-specific libraries, respectively. Both genes are approximately 16 kb and are comprised of 13 exons and 12 introns, the junctions of which conform to donor and acceptor site consensus sequences. Putative CAAT and TATA boxes are located, respectively, at positions -147 and -40 of the Npt2 gene and -143 and -51 of the NPT2 gene, relative to nucleotide 1 of the corresponding cDNAs. The translation initiation site is within exon 2 of both genes. The first 220 bp of the mouse and human promoter regions exhibit 72% identity. Two transcription start sites (at positions -9 and -10 with respect to nucleotide 1 of NaPi-7 cDNA) and two polyadenylylation signals were identified in the Npt2 gene by primer extension, 5' and 3' rapid amplification of cDNA ends (RACE). A 484-bp 5' flanking region of the Npt2 gene, comprising the CAAT box, TATA box, and exon 1, was cloned upstream of a luciferase reporter gene; this construct significantly stimulated luciferase gene expression, relative to controls, when transiently transfected into OK cells, a renal cell line expressing type II Na+ -Pi cotransporter activity. The present data provide a basis for detailed analysis of cis and trans elements involved in the regulation of Npt2/NPT2 gene transcription and facilitate screening for mutations in the NPT2 gene in patients with autosomally inherited disorders of renal Pi reabsorption. January 5, 1996) ABSTRACT Na+-phosphate (Pi) cotransport across the renal brush border membrane is the rate limiting step in the overall reabsorption of filtered Pi. Murine and human renalspecific cDNAs (NaPi-7 and NaPi-3, respectively) related to this cotransporter activity (type II Na+-Pi cotransporter) have been
cloned. We now report the cloning and characterization of the corresponding mouse (Npt2) and human (NPT2) genes. The genes were cloned by screening mouse genomic and human chromosome 5-specific libraries, respectively. Both genes are approximately 16 kb and are comprised of 13 exons and 12 introns, the junctions of which conform to donor and acceptor site consensus sequences. Putative CAAT and TATA boxes are located, respectively, at positions -147 and -40 of the Npt2 gene and -143 and -51 of the NPT2 gene, relative to nucleotide 1 of the corresponding cDNAs. The translation initiation site is within exon 2 of both genes. The first 220 bp of the mouse and human promoter regions exhibit 72% identity. Two transcription start sites (at positions -9 and -10 with respect to nucleotide 1 of NaPi-7 cDNA) and two polyadenylylation signals were identified in the Npt2 gene by primer extension, 5' and 3' rapid amplification ofcDNA ends (RACE). A 484-bp 5' flanking region of the Npt2 gene, comprising the CAAT box, TATA box, and exon 1, was cloned upstream of a luciferase reporter gene; this construct significantly stimulated luciferase gene expression, relative to controls, when transiently transfected into OK cells, a renal cell line expressing type II Na+-Pi cotransporter activity. The present data provide a basis for detailed analysis of cis and trans elements involved in the regulation of Npt2/NPT2 gene transcription and facilitate screening for mutations in the NPT2 gene in patients with autosomally inherited disorders of renal Pi reabsorption.
The mammalian kidney is an important arbiter of extracellular phosphate (Pi) homeostasis. Renal Pi reabsorption occurs predominantly in the proximal tubule where concentrative, Na+-gradient dependent Pi transport across the brush border membrane is the rate limiting step in the overall Pi reabsorptive process and the site for its regulation (1) (2) (3) (4) (5) (6) . Although parathyroid hormone and Pi availability are the most important regulators of renal Na+-Pi cotransport, a variety of hormones including thyroid hormone, 1,25-dihydroxyvitamin D, insulin-like growth factor I, insulin, epidermal growth factor, and glucocorticoids can also modulate cotransporter activity (1) (2) (3) (4) (5) (6) . However, the molecular mechanisms involved in many of these regulatory processes have not been clearly defined.
Several Mendelian disorders of Pi homeostasis can be attributed to a specific defect in renal Pi reabsorption (7, 8) . Autosomal and X-linked forms have been described and both are characterized by reduced growth rate and hypophosphatemic bone disease (7, 8) . The mutant genes responsible for the defect in renal Pi transport in these conditions are unknown, with the exception of a candidate gene (PEX) for X-linked hypophosphatemia, recently identified by positional cloning (9) .
The cloning of homologous cDNAs encoding high-affinity, renal-specific type II Na+-Pi cotransporters from several mammalian species has provided structural information about the molecular entities that mediate the cotransport process (10) (11) (12) (13) . Injection of cloned cRNAs into Xenopus oocytes conferred Na+-dependent Pi transport with kinetic parameters, Na+-Pi stoichiometry, and pH dependence similar to that seen in isolated renal brush border membrane vesicles (10-13). The cDNAs encode glycosylated proteins of "70 kDa with eight putative transmembrane domains (10-13) that have been localized by immunohistochemistry to the apical surface of proximal tubular cells (14) .
The human type II Na+-Pi cotransporter gene (NPT2) was mapped to human chromosome 5q35 by fluorescence in situ hybridization (15) , thereby ruling it out as a candidate gene for X-linked hypophosphatemia, consistent with the positional cloning of the PEX gene (9) . Of interest, however, is the demonstration that in hypophosphatemic (Hyp) mice harboring the homologous X-linked mutation, decreased renal Pi reabsorption can be ascribed to a decrease in brush border membrane Na+-Pi cotransport that is associated with a proportional decrease in type II Na+-Pi cotransporter mRNA and immunoreactive protein (16) . These findings suggest that the PEX gene product plays an important role in the regulation of type II Na+-Pi cotransporter gene expression. However, the mechanism for this regulation is not understood.
The present study was undertaken to define the structure of the murine (Npt2) and human (NPT2) type II Na+-Pi cotransporter genes. Promoter sequences and intron/exon boundaries were identified for both genes. Our results thus provide a basis for future studies to characterize promoter activity, elucidate the mechanisms underlying the regulation of Npt2/NPT2 gene expression, and screen for mutations in patients with Mendelian hypophosphatemias that are autosomally inherited.
MATERIALS AND METHODS
Southern Blot Analysis of Mouse and Human DNA. Genomic DNA from mouse liver and human peripheral blood leukocytes was isolated by the phenol-chloroform method described by Sambrook et al. (17) . DNA (10 ,ug) (Fig. 1) , were isolated. Digestion of the 13.3-kb clone with EcoRI generated 2.1-, 7.7-, and 3.5-kb fragments (designated pB 2.1, pB 7.7, and pB 3.5 in Fig. 1 ), which were subcloned into pBluescript II (Stratagene). To clone the 5' flanking region of the Npt2 gene, a A Gem 11 library derived from mouse AB-1 embryonic stem cell DNA (a gift from U. Muller, University of Zurich) was screened with a 5' fragment of the NaPi-7 cDNA (545 bp derived by digestion with MluI and Sacl). One of three positive clones, spanning 11 kb (A 11.0, in Fig. 1 ), was digested with BamHI to yield a 6.0-kb fragment (pB 6.0, Fig. 1 ), which was further digested with EcoRI. Two of 3 resulting fragments, designated pB 1.5 (1.5-kb fragment) and pB 1.4 (1.4-kb fragment) ( Fig. 1) , were subcloned into pBluescript II. A 2.0-kb fragment (pB 2.0, Fig. 1 ), which overlapped with the sequence of pB 1.5 and pB 1.4 (Fig. 1 The 5 ' and 3' RACE products were sequenced using a T7 Sequencing kit (Pharmacia). DNA fragments, generated by PCR amplification of mouse or human genomic DNA, were sequenced using the double-stranded DNA cycle sequencing system (GIBCO/BRL). Sequencing reactions were resolved on 8% polyacrylamide gels. Sequencing primers were designed from the NaPi-7 (13) and NaPi-3 (10) cDNA sequences.
PCR Amplification. PCR amplification of genomic clones or genomic DNA was performed using forward and reverse primer pairs based on the NaPi-7 and NaPi-3 cDNA sequences. The amplification reactions contained 100-200 ng of DNA, 2.5 units of Taq polymerase (GIBCO/BRL) or 1 unit of Elongase (GIBCO/BRL), 10 ,ul of 10 x PCR buffer (GIBCO/BRL), 200 ,uM dNTPs, 20 (19) . A second PCR reaction was performed with the adapter primer mentioned above and a third NaPi-7-specific primer (nt 26-41 of NaPi-7 cDNA; antisense). The products were treated with the SureClone ligation kit (Pharmacia), digested with SalI (restriction site located in the adapter primer), subcloned into pBluescript II, and sequenced as described above. For 3' RACE mouse kidney total RNA (10 uLg) and poly(A) + RNA (1 ,ug) were prepared and reverse transcribed using the dT17 adapter primer mentioned above (19) . PCR was performed with the adapter primer and a NaPi-7-specific primer (nt 1544-1565 of NaPi-7 cDNA; sense). Southern blot analysis of murine (Fig. 2) and human (not shown) genomic DNA, using full-length NaPi-7 and NaPi-3 cDNA probes, was used to estimate the size and complexity of the Npt2 and NPT2 genes. Based on digests with at least five restriction endonucleases, or combinations thereof, an approximate size of 16 kb was estimated for both the mouse and human genes. This estimate is in good agreement with the size of the Npt2 and NPT2 genes determined from genomic cloning (see below). Blots washed at both high -and low stringency gave similar results, suggesting that the Npt2 and NPT2 genes are single copy genes and not part of a larger subfamily of related genes.
Organization of the Npt2 and NPT2 Genes. Two overlapping Npt2 clones (A 13.3 kb and 11.0 kb, Fig. 1 ) were isolated by screening two mouse genomic DNA libraries. The 13.3-kb clone contained nucleotides 33-1463 of the mouse NaPi-7 cDNA, a portion of the 5' untranslated region, the ATG translation start site (within exon II), and 12 intron/exon boundaries (Fig. 1) . The 11-kb clone contained the first four exons and extended 9 kb into the 5' flanking region of the gene. The Npt2 gene did not contain introns downstream of nucleotide 1463 of the cDNA. This was established by PCR ampliflcation of mouse genomic DNA with five different primer pairs, using both Taq polymerase and Elongase, which permits amplification of long, single-copy genomic templates (up to 20 kb). In none of the reactions were PCR products detected that exceeded the size expected for the cDNA. The absence of PCR products in corresponding water blanks indicated that contamination with cDNA could not account for our findings. These data were confirmed by PCR amplification of the genomic clone A YC (Fig. 1) .
A single genomic A clone obtained by screening a human chromosome 5-specific library was digested with EcoRI and the 3.8-and 4.2-kb genomic fragments generated were subcloned. Genes. Sequence analysis of the pB 1.5 subclone (Fig. 1) of the Npt2 gene revealed a TATA box at position -40 and a CAAT box at position -147, relative to the first nucleotide of NaPi-7 cDNA (Fig. 4) . For the NPT2 gene, sequencing the 4.2-kb genomic fragment (see above) revealed a TATA box at position -51 and a CAAT box at position -143, relative to nucleotide 1 of NaPi-3 cDNA (Fig. 4) . A comparison of 220 bp from the murine and human promoter regions is depicted in Fig. 4 Transcription Initiation and Polyadenylylation Sites in the Npt2 Gene. The transcription initiation site for the mouse gene was determined by primer extension and 5' RACE. In primer extensions, reverse transcription of poly(A) + RNA showed two signals, at -9 and -10 ( Fig. 5) , i.e., 9 and 10 nucleotides upstream from the first nucleotide of the NaPi-7 cDNA (Fig. 4) . Similar results were obtained by sequencing the 80-bp amplification product derived from 5' RACE (Fig. 5) .
The 3' region of the transcribed Npt2 gene was determined by 3' RACE. Products of 650 and 900 bp were obtained, subcloned, and sequenced. The larger product ended with a poly(A) tail at nucleotide 2422 and corresponded exactly to the NaPi-7 cDNA (Fig. 6 ). The shorter 650 bp product was formed from an earlier polyadenylylation signal derived from a cDNA of 2189 bp (Fig. 6 ). These fmdings are consistent with the appearance and size of two transcripts (2.6 and 2.4 kb) detected with a full-length, rat NaPi-2 cDNA probe on Northern blots of mouse kidney RNA (10) .
Promoter Activity of the 5' Flanking Region of the Npt2 Gene. We determined whether a 484 bp 5' fragment of the Npt2 gene, containing part of exon I, the TATA and CAAT boxes, could drive the expression of a luciferase reporter gene. The 484-bp fragment functioned as a promoter of luciferase activity following transfection of the pGL3-484 promoter-reporter construct in OK cells (Fig. 7) . Correction for transfection efficiency was accomplished by cotransfecting OK cells with the pCMV-lacZ vector. After normalization with respect to ,B-galactosidase activity, luciferase activity was 5 times greater in OK cells transfected with pGL3-484 than in cells transfected with the same vector lacking the Npt2 promoter fragment (pGL3-basic) (Fig. 7) .
Lack of Correlation Between Exon-Defined Peptide Domains and Predicted Npt2 Secondary Structure. Fig. 8 shows the superimposition of exon boundaries on the Npt2/NaPi-7 protein secondary structure model, derived from a combination of hydropathy analysis (22, 23) and the inside positive rule (24, 25) . Although previous reports showed that transcripts for several membrane spanning transporter genes and other membrane protein genes are frequently spliced near membrane/aqueous transitions (see ref. 26 ), no such relationship was apparent with Npt2. Moreover, in the case of the Npt2 gene, exon boundaries are located within predicted transmembrane domains as well as in intracellular and extracellular domains (Fig. 8) . Similar findings apply to NPT2.
Conclusions. This study describes the molecular cloning and genomic organization ofNpt2 and NPT2, murine and human type II Na+-Pi cotransporter genes. The membrane proteins they encode are expressed exclusively in the brush border membrane of renal proximal tubular cells where they mediate the rate limiting step in the renal reabsorption of filtered Pi (1-6).
Npt2/NPT2 thus play a key role in the overall maintenance of extracellular Pi homeostasis and are crucial for normal bone mineralization and growth. Our data provide a basis for detailed analysis of cis and trans elements involved in the regulation of Npt2/NPT2 gene transcription and facilitate screening for mutations in the NPT2 gene in patients with autosomally inherited disorders of renal Pi reabsorption.
